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Abstract
The experimental manipulation of early embryologic events, resulting in the misexpression of the homeobox transcription factor pitx2,
is associated with subsequent defects of laterality in a number of vertebrate systems. To clarify the role of one pitx2 isoform, pitx2c, in
determining the left–right axis of amphibian embryos, we examined the heart and gut morphology of Xenopus laevis embryos after
attenuating pitx2c mRNA levels using chemically modified antisense oligonucleotides. We demonstrate that the partial depletion of pitx2c
mRNA in these embryos results in alteration of both cardiac morphology and intestinal coiling. The most common cardiac abnormality seen
was a failure of rightward migration of the outflow tract, while the most common intestinal laterality phenotype seen was a full reversal in
the direction of coiling, each present in 23% of embryos injected with the pitx2c antisense oligonucleotide. An abnormality in either the
heart or gut further predisposed to a malformation in the other. In addition, a number of other cardiac anomalies were observed after pitx2c
mRNA attenuation, including abnormalities of atrial septation, extracellular matrix restriction, relative atrial–ventricular chamber position-
ing, and restriction of ventricular development. Many of these findings correlate with cardiac defects previously reported in pitx2 null and
hypomorphic mice, but can now be assigned specifically to attenuation of the pitx2c isoform in Xenopus.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Pitx2 is one member of a growing family of paired
homeobox genes encoding developmentally regulated tran-
scription factors. Pitx2 was initially discovered in humans
following a search for the cause of Rieger Syndrome (Sem-
ina et al., 1996), a rare autosomal dominant disease present-
ing with ocular, dental, and umbilical abnormalities. Sub-
sequently, pitx2 homologues have been identified in mice
(Piedra et al., 1998; Ryan et al., 1998; Yoshioka et al.,
1998), chick (Piedra et al., 1998; Ryan et al., 1998; Logan
et al., 1998; St. Amand et al., 1998), zebrafish (Tsukui et al.,
1999; Campione et al., 1999; Essner et al., 2000), and
Xenopus (Campione et al., 1999; Ryan et al., 1998; Schwe-
ickert et al., 2000). The murine pitx2 gene consists of six
exons, with the homeobox domain encoded in portions of
the fifth and sixth exon. Mammals have three pitx2 mRNA
variants, two resulting from alternative splicing (pitx2a and
pitx2b) and the third resulting from the use of an alternative
promoter located in the third intron (pitx2c) (Kitamura et
al., 1999; Schweickert et al., 2000). In addition to directing
early craniofacial development, localized expression of one
specific pitx2 isoform, pitx2c, has been shown to play a
crucial role in the establishment of the left–right axis in
vertebrate embryos (Christen and Slack, 1997; Ryan et al.,
1998; Srivastava, 1997).
During vertebrate embryogenesis, an asymmetric bio-
chemical cascade precedes morphologic left–right asymme-
try (reviewed in Beddington and Robertson, 1999; Lowe et
al., 1996; Mercola, 1999; Yost, 1998). Although the initi-
ating events of this complex cascade are likely to be spe-
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cies-dependent, two downstream signaling molecules are
common to all species examined to date. Nodal is a TGF-
-like molecule that is transiently expressed in the left
lateral plate mesoderm of the vertebrate embryo [mouse
(Collignon et al., 1996; Lowe et al., 1996), chick (Levin et
al., 1995; Levin and Mercola, 1998), zebrafish (Rebagliati et
al., 1998), and Xenopus (Hyatt et al., 1996; Levin and
Mercola, 1998; Lohr et al., 1997; Sampath et al., 1997)].
Nodal expression is absolutely required to induce the ex-
pression of pitx2c in the left lateral plate mesoderm (Logan
et al., 1998; Piedra et al., 1998; Ryan et al., 1998; Yoshioka
et al., 1998). Unlike nodal, however, pitx2c expression
persists throughout organogenesis. Pitx2c is subsequently
expressed on the left side of asymmetric derivatives of the
lateral plate mesoderm, including the developing heart and
gut (Campione et al., 1999; Logan et al., 1998; Piedra et al.,
1998; Ryan et al., 1998). Altering the expression of known
upstream mediators of left–right asymmetry results in both
aberrant expression of pitx2 and laterality defects. For ex-
ample, misexpression of Sonic hedgehog, lefty-1, or nodal
protein in the right side of the developing chick embryo
alters the normal left-sided expression of pitx2 and results in
randomization of the left–right axis (Levin et al., 1995;
Logan et al., 1998; Yoshioka et al., 1998). Similarly, injec-
tion of mRNA encoding nodal or pitx2 into the right side of
the developing Xenopus embryo results in abnormal looping
of both the heart and gut (Campione et al., 1999; Ryan et al.,
1998). Thus, pitx2 has been designated as a mediator be-
tween early asymmetric biochemical events relating to the
left–right axis and subsequent organ orientation.
Laterality defects can be recognized in cases where or-
gans like the heart or gut develop as a mirror image of those
found in normal individuals. These can be easily scored as
reversals of the normal left–right axis. As mentioned above,
mislocalization of either nodal or pitx2 can result in such
reversals. However, the failure to complete or to establish
the L/R axis may lead not only to reversals but also to a lack
of definitive location of structure or direction of growth. The
lack of axis information may affect the normal establish-
ment of structures, such as the heart septa or valves, which
are asymmetrically placed in the heart, or in the proper
development of the right and left chambers with respect to
each other and their respective outflow tracts.
Several descriptions of pitx2 null mice have failed to
demonstrate reversed cardiac orientation as a major pheno-
type observed; however, other laterality defects, both car-
diac and noncardiac, were clearly present (Kitamura et al.,
1999; Lin et al., 1999; Piedra et al., 1998). These consistent
findings suggest that the role of pitx2c in the determination
of embryonic asymmetry is much more subtle than simply
acting as a general left/right switch at one time point in
development. This concept was recently supported in ex-
periments by using gene targeting in murine embryonic
stem cells to create mice expressing varying levels of
pitx2c, in the absence of other pitx2 isoforms (Liu et al.,
2001). It was elegantly demonstrated that relatively low
levels of pitx2c could prevent right sinoatrial isomerism in
the developing heart, but higher levels were needed to
rescue both right pulmonary isomerism and intestinal mal-
rotation. It follows from these studies that that the early
morphological movements that start the embryonic and car-
diac looping processes in mice are at least partially inde-
pendent from the information that establishes the left/right
position of each organ. Subsequently, the absence of pitx2c
may manifest differently in each organ, during each devel-
opmental stage.
In contrast to what has been well documented in the
mouse, pitx2c may play a different role in embryonic lat-
erality, and more specifically cardiac looping, in other im-
portant developmental systems. In chick embryos, for ex-
ample, misexpression of pitx2c has been demonstrated to
affect both the normal left-sided predominance of flectin
expression as well as the subsequent directionality of car-
diac looping (Yu et al., 2001; Linask et al., 2002). To clarify
the role of pitx2c in amphibian heart and gut morphogene-
sis, chemically modified antisense oligonucleotides were
used to determine the pitx2c hypomorph phenotype in Xe-
nopus laevis embryos. These compounds have been previ-
ously used in a number of studies involving Xenopus em-
bryos to specifically reduce levels of targeted mRNAs
(Dagle et al., 2000; Luo et al., 2002; Veenstra et al., 2000;
Hukriede et al., 2003; Weeks et al., 1991). We found that
inhibiting the expression of pitx2c results in a significant
increase in cardiac malformations as well as abnormal gut
orientation. In addition, we observed a number of atrial and
ventricular anomalies that were similar to those seen in
genetically manipulated mice. Our results in Xenopus com-
plement previous over-expression studies, as well as more
recent depletion studies, supporting the hypothesis that,
although asymmetric pitx2c expression is indeed important
in decisions concerning asymmetry during early embryo-
genesis, pitx2c does not function as a universal left–right
switch in determining organ laterality.
Materials and methods
Oligonucleotide synthesis
Modified oligonucleotides were synthesized on an ABI
model 391 DNA synthesizer, as described previously, using
hydrogen phosphonate chemistry (Dagle, 2000; Froehler et
al., 1986). All reagents used for automated DNA synthesis
were obtained from Glen Research (Sterling, VA). To gen-
erate unmodified phosphodiester bonds, hydrogen phospho-
nate diesters were oxidized for 4 min with freshly prepared
5% iodine in tetrahydrofuran (THF):pyridine:water (15:2:2)
and then 3 min with the same solution diluted 1:1 with 8%
triethylamine in THF:water (43:3). Oxidative amidation of
hydrogen phosphonate diesters was performed manually by
using a 10% solution of N,N-diethylethylenediamine (Al-
drich, Milwaukee, WI) in anhydrous CCI4 (Froehler et al.,
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1986). Oligonucleotides containing both phosphodiester
and phosphoramidate linkages were synthesized in blocks.
The desired number of 3 residues were first coupled and
then oxidatively amidated. Successive blocks of residues
were then individually condensed and oxidized or oxida-
tively amidated as a group. Further processing and purifi-
cation of oligonucleotides were performed as previously
described (Dagle, 2000). Following Sephadex G-25 column
chromatography, oligonucleotides were dissolved in sterile
water and quantitated by UV spectroscopy.
Xenopus embryo injections
X. laevis were purchased from Xenopus I (Ann Arbor,
MI). Eggs were obtained from hormonally treated females
and fertilized as previously described (Rebagliati et al.,
1985). Single-cell embryos were injected with either water
or 2–4 ng of oligonucleotide, in a total volume of 10–20
nanoliters, as previously described (Dagle et al., 1990,
2000; Weeks et al., 1991). The developmental progress of
embryos was staged as previously described (Nieuwkoop
and Faber, 1994).
RNA isolation and analysis
Embryos were flash frozen in dry ice and stored at
70°C prior to processing. Total RNA was extracted from
defined numbers of embryos as previously described
(Chomczynski and Sacchi, 1987). RNA was then separated
by electrophoresis through a formaldehyde/agarose (1.2%)
gel prior to transfer to a Nytran membrane (Schleicher and
Schuell) (Weeks et al., 1991). RNA was cross-linked to the
membrane by using a Stratalinker (Stratagene, La Jolla,
CA). All probes were 32P-labeled by specific priming of
cDNA fragments. Radioactive 32P-dATP used in the label-
ing reactions was purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden). The pitx2b probe was made
from a cDNA corresponding to a portion of exon 3 of the
Xenopus pitx2 gene (not present in the pitx2c transcript).
The pitx2c probe was made from a cDNA corresponding to
a portion of exon 4 of the Xenopus pitx2 gene (not present
in pitx2b transcript). The histone H4 probe was generated
by specific priming of a cDNA fragment corresponding to
nucleotides 70–287 of the full-length Xenopus histone H4
cDNA. After overnight hybridization and washing until
background signal was minimal, filters were exposed at
70°C to Kodak X-OMAT AR film by using an intensify-
ing screen. Autoradiographs were scanned and band inten-
sity was quantitated by using ImageJ software (NIH).
Embryo analysis
Six days after injection, all surviving embryos were
scored with respect to heart and gut morphology. Heart
orientation was scored as normal only if the outflow tract
originated from the right side of the common ventricle and
veered to the left at an approximate right angle. Heart
orientation was scored as reversed only if the outflow tract
originated from the left side of the common ventricle and
veered to the right left at an approximate right angle. Other
outflow tract phenotypes, oriented in neither a normal nor
reversed pattern, were designated as straightened. Intestinal
coiling orientation was scored as normal if the gut looped in
a counterclockwise direction. Intestinal coiling orientation
was scored as reversed if the gut looped in a clockwise
direction. Intestinal coiling orientation was scored as half
reversed if one part of the gut looped clockwise while
another section looped counterclockwise. The frequency of
Fig. 1. Modified antisense oligonucleotides. The oligonucleotides utilized
in these studies possess combinations of unmodified phosphodiester link-
ages and modified N,N-diethylethylenediamine (DEED) phosphorami-
date linkages, whose structures are shown in (A). The sequences of the
oligonucleotides are shown in (B), where “” indicates an unmodified
phosphodiester linkage and “” indicates a modified phosphoramidate
linkage. Pc-AS designates the antisense oligonucleotide targeting the
pitx2c transcript, while Pc-scr designates a scrambled, similarly modified
control oligonucleotide and Pc-3con designates a more densely modified
control oligonucleotide possessing the same nucleotide sequence as Pc-AS.
Fig. 2. Pitx2c mRNA attenuation in Xenopus embryos. Single-cell Xenopus
embryos were injected with Pc-AS or Pc-scr oligonucleotides. Embryos
were harvested at stage 23, and levels of pitx2c (upper panel) and pitx2b
(middle panel) were evaluated by Northern analysis using isoform specific
probes. Histone H4 (HH4) was probed as a control mRNA (lower panel).
NI, not injected; Pc-AS, injected with antisense oligonucleotide; Pc-scr,
injected with scrambled control oligonucleotide. Set-1 and Set-2 indicate
two independent injection experiments analyzed together.
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abnormal heart and gut orientation was compared among
groups of manipulated embryos by using chi-square analysis.
Immunohistochemistry
Embryos were harvested and analyzed by immunohisto-
chemistry as previously described (Kolker et al., 2000).
Briefly, tadpoles were fixed in 80% methanol, 20% DMSO
and stored at 20°C until processed. Samples were rehy-
drated to PBS in a methanol–PBS series which included 1%
DMSO at each step. Embryos were then treated with bovine
testicular hyaluronidase (1 mg/ml in 50mM acetate buffer),
30–45 min at room temperature, rinsed in PBS-TD (PBS,
1% Tween 20, 1% DMSO, 0.02% NaN3), and blocked for
4 h at room temperature in block solution (PBS-TD con-
taining 0.1 M glycine, 2% powdered milk, and 5% serum
from the host species of the secondary Ab or 1% BSA). The
primary antibody was diluted 1:50 in block solution. Anti-
bodies used in these studies were CT3 (mouse anti-bovine
cardiac troponin T: obtained from the Developmental Stud-
ies Hybridoma Bank at the University of lowa) and JB3
(mouse anti-chicken fibrillin-2 from membrane-enriched
fractions of atrioventricular endocardial cushions; obtained
from Dr. Charles Little, University of Kansas). Incubation
with primary antibody was carried out overnight at 4°C.
Samples were then rinsed extensively with PBS-TD. The
secondary antibody, anti-mouse conjugated to Cy5 (Jackson
ImmunoResearch), was diluted 1:200 in blocking solution
and allowed to incubate with the sample overnight at 4°C.
Samples were rinsed and dehydrated. Embryos were
mounted and cleared with benzyl alcohol:benzyl benzoate,
1:2 (pH 7.0). Samples were visualized by using a Nikon
Optiphot/Bio-Rad MRC-1024 confocal microscope
equipped with a krypton/argon laser. Heart morphology was
compared among groups of embryos and also to published
standards (Kolker et al., 2000; Mohun et al., 2000).
Results
Previous studies investigating the effect of pitx2 deple-
tion on cardiac development have utilized knockout mouse
models (Kitamura et al., 1999; Lin et al., 1999; Liu et al.,
2001; Piedra et al., 1998). A number of cardiac and extra-
Fig. 3. Altered cardiac morphology associated with pitx2c attenuation. Single-cell Xenopus embryos were injected with Pc-AS or control oligonucleotides.
Embryos were fixed after stage 45 and analyzed by confocal laser microscopy after treatment with an anti-troponin T antibody. Embryos are positioned on
their backs, with heads pointed up and tails down. (A) A control-injected embryo. (B–F) Embryos injected with Pc-AS, the pitx2c antisense oligonucleotide.
At, atrium; V, ventricle; OT, outflow tract.
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cardiac malformations have been described in these ani-
mals. The results of these earlier studies must be interpreted
in the context of complete absence of all pitx2 isoforms,
which have been suggested to play other roles in early
embryogenesis in addition to those related to determination
of asymmetry. More recent studies have described mice
lacking only the pitx2c isoform. These mice have significant
abnormalities with respect to remodeling of branchial arch
arteries as well as patterning of the outflow tract of the heart
(Liu et al., 2002). We have developed a class of modified
antisense oligonucleotide that is active in developing Xeno-
pus embryos, even after the onset of zygotic transcription
(Dagle et al., 2000). The specificity of this approach allows
selective attenuation of pitx2c mRNA levels, without af-
fecting levels of other pitx2 isoforms. The structures of the
relevant internucleoside linkages as well as the sequence of
the oligonucleotides used in this study are shown in Fig. 1.
The N,N-diethylethylenediamine (DEED) phosphoramidate
linkage converts a negatively charged phosphate into a
positively charged analog, thus decreasing electrostatic re-
pulsion between the antisense oligonucleotide and the target
mRNA strand. A central region of the antisense oligonucle-
otide contains seven unmodified internucleoside linkages,
allowing degradation of the target mRNA by endogenous
ribonuclease H. Thus, these antisense agents work through
a different mechanism than the commonly used morpholino
compounds, which act by sterically inhibiting the transla-
tion of an intact mRNA (Dagle and Weeks, 2001). The
antisense oligonucleotide (Pc-AS) was designed to the re-
gion of the initiation codon of pitx2c mRNA, as this area is
generally thought to be accessible. In addition, the target
sequence is not present in the mature pitx2b transcript, thus
allowing isoform-specific attenuation. Two control oligonu-
cleotides (Pc-scr and Pc-3con) were used in these studies.
Pc-scr possesses the same base composition as the antisense
oligonucleotide, but with a scrambled sequence. Pc-3con
possesses the identical sequence as the antisense oligonu-
cleotide, but contains fewer unmodified central diester link-
ages. Restricting the number of phosphodiester linkages in
the control oligonucleotide to less than four produces a
DNA–RNA heteroduplex that is not a substrate for ribonu-
clease H, thus the target mRNA will not be degraded (Dagle
et al., 1991). This control was chosen to ensure that any
observed phenotypes were a result of depletion of the target
transcript. The results obtained injecting Pc-scr and Pc-3con
into Xenopus embryos were not significantly different and
were thus pooled as one control oligonucleotide group.
Single-cell Xenopus embryos were injected with 2–4
nanograms of either pitx2c antisense oligonucleotide (Pc-
AS) or a control oligonucleotide (Pc-scr or Pc-3con). Co-
horts of embryos were harvested at stage 23. This develop-
mental stage was chosen for harvesting as it is well after the
onset of zygotic pitx2c transcription (Faucourt et al., 2001),
but approximately the stage when localized expression of
pitx2c in the left lateral plate mesoderm commences (Cam-
pione et al., 1999). Pitx2 isoform mRNA levels were eval-
uated by Northern analysis using probes specific for pitx2b
and pitx2c (pitx2a has not been detected in X. laevis em-
bryos). The results of two independent sets of embryos are
shown in Fig. 2. In both cases, significant attenuation of
Table 1
Cardiac morphology
Treatment N Normal (%) Straightened (%) Reversed (%)
No Injection 271 254 (94.8) 0 (0) 11 (4.1)
Water 314 298 (94.5) 6 (1.9) 8 (2.5)
Control ODN 208 184 (88.5) 6 (2.9) 16 (7.7)c
Antisense ODN 565 365 (64.6) 130 (23.0)a 62 (11.0)b,c
a P  0.001 compared with no injection, water injection, and control
oligonucleotide (ODN).
b P  0.001 compared with no injection and water injection.
c P  0.01 compared with water injection.
Fig. 4. Altered intestinal orientation associated with pitx2c attenuation. Single-cell Xenopus embryos were injected with Pc-AS or control oligonucleotides.
They were fixed after stage 45 and analyzed by standard bright-field microscopy. Embryos representing the range of phenotypes observed are shown
positioned on their backs, with heads pointed up and tails down. (A) Normal intestinal rotation (counterclockwise). (B) Partial reversal. (C) Reversed intestinal
rotation (clockwise).
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pitx2c mRNA was accomplished by using oligonucleotide
Pc-AS, with no effect on the pitx2b transcript or a second
control message, histone H4 (HH4). Densitometric analysis
of the autoradiographs revealed a greater than 60% reduc-
tion in pitx2c mRNA levels (relative to pitx2b mRNA) in
embryos injected with the pitx2c antisense oligonucleotides
compared with the uninjected control embryos. No mRNA
depletion was observed in embryos injected with the scram-
bled control oligonucleotide, Pc-scr, compared with unin-
jected embryos. The isoform-specific depletion of pitx2c
reported here has also been confirmed by using an indepen-
dent RT-PCR strategy (data not shown). We have thus
demonstrated a significant reduction in pitx2c mRNA in
Xenopus embryos just prior to the stage of development
when morphologic asymmetry first becomes apparent.
Cohorts of the injected embryos were allowed to develop
undisturbed at 18°C until stage 45–47, approximately 7–8
days. A subset of embryos from each group was then fixed,
analyzed by immunohistochemistry using a cardiac troponin
T antibody, and subsequently scored for heart and intestinal
morphology. The frogs utilized in these experiments, as in
most studies using Xenopus, were not isogenic. To control
for any potential genetic contributions among the frogs with
respect to factors governing organ orientation and morphol-
ogy, experiments were repeated several times by using dif-
ferent male and female breeding pairs. The importance of
considering differences in the genetic background of animal
systems has been well demonstrated in experiments involv-
ing transgenic mice, where genetic variations among differ-
ent strains can significantly affect the phenotypes observed
following similar transgenic manipulations. In an attempt to
specifically focus on the role of pitx2c in determining organ
orientation and morphology, data resulting from experi-
ments in which the frequency of cardiac reversal in either
the uninjected or the water-injected embryos was greater
that 15% were eliminated from further analysis. This situ-
ation occurred in only 1 small group of embryos out of 16
groups studied, and the inclusion of this group would have
had no effect on the outcome of the study.
A range of cardiac phenotypes was observed by using
laser confocal microscopy of the injected embryos, as dem-
onstrated in Fig. 3. Each panel in Fig. 3 shows a ventral
view of selected embryonic hearts with the cranial end up
and the caudal end down. Fig. 3A shows a water-injected
embryo possessing normal X. laevis cardiac anatomy. The
two lightly staining atria are seen in a dorsal and slightly
cranial position relative to the more deeply staining single
ventricle. The root of the outflow tract exits the right side of
the ventricle (as shown) and sharply veers to the left. Xe-
nopus hearts shown in Fig. 3B–E demonstrate cardiac phe-
notypes in which the outflow tract gradually straightens and
subsequently bends slightly to the right. In addition, the
origin of the outflow tract shifts from the right side of the
single ventricle to the left side. Finally, Fig. 3F exhibits a
completely reversed heart in which the outflow tract exits
the left side of the ventricle and sharply veers to the right.
All of the specimens chosen for this analysis were healthy
appearing, superficially normal, swimming tadpoles. Fur-
thermore, we did not appreciate any increase in nonspecific
developmental abnormalities (i.e., gastrulation defects, du-
plication of axes, etc.) in embryos injected with Pc-AS
compared with those embryos injected with water or either
control oligonucleotide (Pc-scr or Pc-3con). We have thus
observed abnormal outflow tract orientation as the major
external cardiac malformation associated with pitx2c
mRNA attenuation. The spectrum of outflow tract abnor-
malities documented here would most likely result from a
lack of positional information leading to undirected lateral-
ization or incomplete lateralization of the primitive ventric-
ular region during the dextral looping process of the early
heart (Manner, 2000). This observation is consistent with a
number of previous reports linking pitx2 expression in Xe-
nopus embryos with cardiac laterality. In addition, later
outflow tract morphology has been associated with pitx2c
expression.
Hundreds of control and oligonucleotide-injected Xeno-
Table 2
Intestinal orientation
Treatment N Normal (%) Partial Rev. (%) Full Rev. (%)
No Injection 271 244 (90.0) 2 (0.7) 9 (3.3)
Water 314 301 (95.8) 1 (0.3) 9 (2.9)
Control ODN 208 190 (91.3) 3 (1.4) 14 (6.7)b
Antisense ODN 565 367 (65.0) 43 (7.6)a 131 (23.2)a
a P  0.001 compared to no injection, water injection and control oli-
gonucleotide (ODN).
b P  0.05 compared to water injection.
Fig. 5. Distribution of abnormal heart and intestinal orientation following
pitx2c attenuation. Single-cell Xenopus embryos were injected with water
or 2 nanograms of either Pc-AS or control oligonucleotides. Embryos were
fixed after stage 45 and analyzed by standard microscopy for heart and gut
orientation. The data were organized into groups based on normal or
abnormal heart and gut orientation and plotted. *, indicates a P value of
less than 0.005 compared with all three control conditions. #, indicates a P
value of less than 0.05 compared with all other conditions. †, indicates a P
value of less than 0.01 compared with water injection.
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pus embryos, from several independent experiments (using
different pairs of male and female frogs), were examined by
standard bright-field microscopy for abnormalities of car-
diac orientation. The combined data for these experiments
are shown in Table 1. Embryos were classified into three
groups, based on outflow tract morphology: normal (as in
Fig. 3A), straightened (as in Fig. 3B–E), and completely
reversed (as in Fig. 3F). Our most striking finding was the
large number of phenotypes showing a straightened outflow
tract morphology observed specifically following injection
with the pitx2c antisense oligonucleotide. We observed a
greater than seven-fold increase in the frequency of straight-
ened outflow tracts compared with any control condition.
The increase in straightened outflow tracts induced by
Pc-AS was highly significant by chi-square analysis (P 
0.001). In contrast to what has been shown in the chick
embryo system, pitx2c attenuation using an antisense oli-
gonucleotide was not associated with a statistically signifi-
cant increase in reversed cardiac orientation (i.e., leftward
looping). Xenopus embryos injected with either the control
or the antisense oligonucleotide exhibited an increase in
reversed cardiac orientation compared with those that were
either uninjected or water-injected (P  0.01). In addition,
there was no statistical difference in leftward cardiac loop-
ing between embryos injected with the pitx2c antisense
oligonucleotide and those injected with control oligonucle-
otides, demonstrating that any oligonucleotide-induced car-
diac reversals resulted from nonspecific, sequence-indepen-
dent events. It is possible that errors in determining the
statistical significance in the cardiac reversal rate of unin-
jected embryos and those embryos injected with water and
control oligonucleotides may have been introduced by the
relatively small numbers of such occurrences. A more likely
explanation is that the attenuation of pitx2c mRNA during
Xenopus embryogenesis does not, in fact, result in reversed
cardiac orientation. Although contrary to what has been
reported in the chick system using antisense oligonucleo-
tides (Yu et al., 2001; Linask et al., 2002), this interpretation
is consistent with a number of investigations involving pitx2
knockout mouse models (Kitamura et al., 1999; Lin et al.,
1999; Liu et al., 2001; Piedra et al., 1998). It is possible that
the cationic nature of the oligonucleotide phosphate modi-
fication, or perhaps a different common structural element,
may contribute to all or part of the cardiac reversals ob-
served in both groups of oligonucleotide-treated embryos
compared with those that were either uninjected or injected
with water. Our data provide evidence in an amphibian
system that support recent investigations in mice demon-
strating a role of pitx2c in cardiac development outside of
directly biasing the initial process of dextral looping. An
important difference between the mouse and Xenopus mod-
els is that we have generated a hypomorph phenotype and
not null mutants. An alternative interpretation of our data is
that decreasing concentration of pitx2c on the left results in
straightened outflow tracts as part of a continuum from
rightward-directed laterality to a lack of directed laterality.
This would imply that, in the absence of pitx2c, Xenopus
hearts would not merely show a random left or right later-
alization of the primitive ventricular bend, but may simply not
lateralize at all. One reason that this hypothesis may at first
seem at odds with previous studies is that embryos treated
with reagents affecting laterality have often concentrated on
documentation of normal or fully reversed cardiac looping.
The same control and experimental Xenopus embryos
described above were also analyzed using standard bright-
field microscopy to determine intestinal orientation. The
orientation of intestinal rotation fell into three distinct cat-
egories: normal, partially reversed, and fully reversed. Rep-
resentative examples of these embryos are presented in Fig.
4, where the red line in the inset is shown to clarify the
direction of intestinal coiling. The normal embryo, shown in
Fig. 4A, exhibits counterclockwise intestinal coiling from
the periphery of the gut spiral to the center. The partially
reversed embryo, shown in Fig. 4B, demonstrates clockwise
rotation in one area of the gut and counterclockwise rotation
in a separate segment. The embryo shown in Fig. 4C ex-
hibits a complete reversal in intestinal coiling, demonstrated
by a clockwise rotation. Data from all embryos relating to
intestinal orientation are compiled in Table 2. Greater than
90% of the control embryos, either uninjected or injected
with water or control oligonucleotide, showed normal coun-
terclockwise intestinal looping. In contrast, treatment with
the pitx2c antisense oligonucleotide, Pc-AS, resulted in an
increase of both partial and full intestinal reversals, with
only 65% of embryos demonstrating a normal intestinal
orientation. This value is close to the theoretical value of
50% abnormal embryos expected if elimination of pitx2c
actually resulted in complete randomization of intestinal
coiling. We also found a slight increase in the frequency of
full intestinal reversals in the control oligonucleotide in-
jected embryos compared with the water-injected control
embryos. However, the difference between the frequency of
intestinal reversal between uninjected embryos and embryos
injected with control oligonucleotides was not statistically
significant. Studies performed in mice expressing varying
levels of pitx2c (in the absence of other pitx2 isoforms)
have demonstrated an arrest of duodenal rotation as the
intestinal phenotype of those mice expressing the lowest
levels of pitx2c, while a reversed duodenal rotation is seen
in mice expressing intermediate level of pitx2c (Liu et al.,
2001). The intestinal looping categorized as half reversal in
the present study may actually represent an arrested intes-
tinal rotation. If this is the case, then the majority of the
intestinal abnormalities seen in Xenopus embryos following
antisense oligonucleotide treatment represent a hypomorph
phenotype, while less than 10% represent a true null phe-
notype. This speculation is consistent with our biochemical
data (Fig. 2), demonstrating a significant decrease but not
elimination of the pitx2c mRNA following injection of the
antisense oligonucleotide.
The study described above, using genetically altered
mice expressing varying levels of pitx2c, has suggested that
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the heart, gut and lungs each require different quantities of
pitx2c for normal development (Liu et al., 2001). To deter-
mine whether the structural abnormalities associated with
pitx2c mRNA attenuation in X. laevis embryos occur more
frequently in the heart or gut, or if anomalies of these two
systems are associated, we compared the frequency of iso-
lated and combined heart and gut anomalies. As shown in
Fig. 5, there is a low level of both isolated and combined
heart and gut anomalies seen in both uninjected embryos
and in embryos injected with water. Embryos injected with
control oligonucleotides showed no increase in isolated
heart and gut abnormalities, but did show a slight increase
in combined heart and gut abnormalities. In contrast, em-
bryos injected with the pitx2c antisense oligonucleotide
Pc-AS showed an increase in both isolated and combined
heart and gut anomalies. Interestingly, Pc-AS-injected em-
bryos possessing anomalies of both the heart and gut were
approximately twice as frequent as embryos possessing iso-
lated malformations of the heart or gut. In other words, a
Xenopus embryo injected with Pc-AS that has an abnormal-
ity of cardiac orientation is twice as likely to also have
abnormal gut orientation. The equal occurrence of heart and
gut abnormalities in Pc-AS-injected embryos suggests that
neither the heart nor gut is more sensitive than the other to
decreased pitx2c levels during development of these organ
systems. Although variable degrees of pitx2c depletion
among Xenopus embryos resulting in normal hearts with
abnormal guts could be consistent with differential organ
sensitivity, as has been described in the mouse system, it
would not explain the equally likely occurrence of embryos
Fig. 6. Disorganization of the atrial septum following attenuation of pitx2c mRNA. Single-cell Xenopus embryos were injected with either water (A) or two
nanograms of Pc-AS (B–D) oligonucleotide. Embryos were fixed after stage 45 and analyzed by confocal laser microscopy after treatment with an
anti-troponin T antibody. Optical sections of the hearts were obtained at the level of the atrial septum. The septal tissue is indicted by the white arrows.
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with abnormal hearts and normal gut rotation. The increased
frequency of combined heart and gut abnormalities in em-
bryos with attenuated levels of pitx2c may suggest a more
general predisposition to abnormalities of laterality, rather
than organ-specific sensitivity to pitx2c levels.
In addition to abnormalities evident from external in-
spection of the heart, a number of other internal cardiac
defects were found in Xenopus embryos with reduced levels
of pitx2c mRNA. One might predict that L-R positional
information, such as the left-sided expression of pitx2c,
would be required to correctly pattern an organ possessing
an asymmetric structure. To test this hypothesis, the hearts
of embryos injected with the Pc-AS oligonucleotide were
optically sectioned at the atrial level by using laser confocal
microscopy. This analysis included hearts with normal or
reversed looping, as well as those showing a more straight-
ened or midline outflow tract phenotype. We found that
atrial structures were completely normal in oligonucleotide-
treated embryos showing either normal or reversed cardiac
morphology. In contrast, all embryos possessing a midline
Fig. 7. Increased extracellular matrix in the atria of pitx2c-injected embryos. Single-cell Xenopus embryos were injected with either water (A) or two
nanograms of Pc-AS (B) oligonucleotide. Embryos were fixed after stage 45 and analyzed by confocal laser microscopy after treatment with anti-troponin
T and anti-fibrillin antibodies. Optical sections of the hearts were obtained through the atrial wall. Muscular staining is shown in orange. The thickness of
the green-staining extracellular matrix (indicated by the white arrows) was measured in five control embryos and seven Pc-AS injected embryos. The graph
in the lower panel shows the thickness (in microns) of the extracellular matrix component of the atrial wall in control and Pc-AS-injected embryos. The bars
demonstrate the mean  standard deviation.
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outflow tract had dramatic alterations in atrial structure. As
shown in Fig. 6A, the atrial septa of embryos injected with
water or control oligonucleotides are normally positioned,
thin, and well-organized. In contrast, the atrial septa of
embryos injected with Pc-AS, as demonstrated in Fig.
6B–D, are markedly abnormal with respect to both position
as well as fiber organization and content. These findings are
consistent with those seen in pitx2 null mice where severe
defects of the primary atrial septum have been reported (Liu
et al., 2001, 2002). In addition, the walls of the atria were
strikingly abnormal in the embryos injected with the Pc-AS
oligonucleotide. As seen in Fig. 7A, there is little fibrillin-
rich extracellular matrix material between the endocardial
and myocardial layers in embryos injected with water (be-
tween white arrows), with a mean thickness of 5 microns (n
 4). This thin matrix layer was also observed in uninjected
embryos as well as those injected with control oligonucle-
otides (data not shown). In contrast, embryos injected with
the pitx2c antisense oligonucleotide show a dramatic in-
crease in the amount of extracellular matrix material (Fig.
7B), with a mean thickness of 33 microns (n  7). It is
unclear whether this extracellular matrix material is com-
pletely acellular or is populated with mesenchymal cells.
The increased thickness seen in the embryos treated with
Pc-AS was statistically significant by t test analysis (P 
0.004). This finding has not been previously reported in the
hearts of pitx2 null mice. Interestingly, the procollagen lysyl
hydroxylase gene, which encodes a protein known to be
critical for forming intermolecular collagen crosslinks, has
recently been shown to be regulated by pitx2 (Hjalt et al.,
2002). Thus, it is possible that diminished pitx2c activity
could alter collagen structure, thereby leading to abnormal
localized accumulation of extracellular matrix material. Ab-
errant collagen structures have been demonstrated to affect
a number of important cellular processes that normally
occur in the extracellular matrix. For example, changes in
the structure of type IV collagen, resulting from decreased
activity of matrix metalloproteinases, have been shown to
alter the epithelial–mesenchymal transformation, a process
that is critical in the normal evolution of the endocardial
cushions in the vertebrate heart (Song et al., 2000). A recent
study in chick embryos has also linked the expression of
pitx2c to the molecular composition of the extracellular
matrix. Altering pitx2c levels using both overexpression
and underexpression techniques resulted in aberrant flectin
production, providing further evidence for the regulation of
the extracellular matrix by pitx2c (Linask et al., 2002).
A number of cardiac defects centered around the atrio-
ventricular canal have been described in pitx2 null mice
(Lin et al., 1999; Piedra et al., 1998). Specifically, the hearts
of these mice exhibit a failure of the endocardial cushions to
septate and form distinct right and left atrioventricular pas-
sages, possibly related to the requirement of pitx2c expres-
sion for movement of cardiac cells into these specific areas
(Liu et al., 2002). We also found significant abnormalities in
the region where the two atria empty into the single ventri-
cle in hearts of Xenopus embryos injected with the pitx2c-
specific antisense oligonucleotide, Pc-AS. In Xenopus em-
bryos, the atria and ventricle are normally in very close
approximation, separated only by a thin layer of tissue, as
seen in the thick section of a control heart in Fig. 8A
(double-headed arrow). A common finding in embryos in-
jected with Pc-AS was an increase in the distance between
the region of atrial outflow and the ventricle. As seen in Fig.
8B–D, the hearts of the pitx2c antisense treated embryos are
tilted with abnormal positioning of the outflow tracts (inset).
Notably, the distance between the atria and ventricle is greatly
increased, with an elongated tunnel or canal joining them.
The cardiac abnormalities described above consisting of
atrial septal malformations, increased thickening of the ex-
tracellular matrix component of the atrial wall and elonga-
tion of the connection between the atria and the ventricle
into a tubular structure all have a common atrial association.
A strikingly similar situation has been described repeatedly
in the pitx2 null mouse, where a number of atrial defects are
observed. Interestingly, all of these intracardiac anomalies
were seen in the antisense-treated hearts possessing a
straightened outflow tract (Fig. 3B–E). Atrial and atrial–
ventricular malformations were rarely seen in either nor-
mally looped hearts or in hearts showing a completely
reversed looping phenotype. These findings also question
whether there is a causal connection between pitx2c levels
and the initial stages of dextral cardiac looping. If pitx2c
deficiency was the cause of both atrial malformation and
reversed cardiac looping, then one would expect to see the
most disrupted atrial phenotypes in hearts with a reversed
orientation. This is not the case. Conversely, the very strong
association that we have observed between atrial abnormalities
and a midline outflow tract emphasize the importance of this
transcription factor in outflow tract morphogenesis. The
recent suggestion of a role for pitx2c in the development of
the mouse aorta supports this speculation (Liu et al., 2002).
Discussion
The aim of these studies was to characterize the role of
pitx2c in early amphibian development with respect to left–
right asymmetry. Using chemically modified, cationic anti-
sense oligonucleotides, we have demonstrated specific at-
tenuation of the pitx2c transcript during amphibian cardiac
and intestinal development. The reason we were unable to
completely eliminate the target mRNA in our studies is not
entirely clear; however, several explanations are possible.
First, in these injection-based assays, it may be that pitx2c
was completely eliminated in some embryos, but not in
others. This would be a simple explanation of the mRNA
data presented in Fig. 2 and would also be consistent with
the wide spectrum of abnormal cardiac phenotypes ob-
served. This could possibly result from individual mating
pairs having sequence polymorphisms at the targeted site,
uneven distribution of the oligonucleotide after injection, or
277J.M. Dagle et al. / Developmental Biology 262 (2003) 268–281
leakage of oligonucleotide from the injection site. Alterna-
tively, pitx2c mRNA levels may be partially depleted in all
embryos injected with the Pc-AS oligonucleotide. Partial
mRNA depletion could result from oligonucleotide degra-
dation during the earliest stages of embryogenesis with a
subsequent decreased availability for heteroduplex forma-
tion later during organogenesis. Uneven diffusion of the
oligonucleotide after injection would also lead to different
concentrations of pitx2c mRNA in various parts of the
embryo; however, this speculation is not consistent with our
overall experience using antisense compounds to target both
maternal and zygotic transcripts in Xenopus. Although it is
impossible at this time to assay each embryo individually
for both RNA reduction and for altered heart morphology
later in development, we have performed in situ hybridiza-
tions on randomly chosen Xenopus embryos at stage 35 in
development. Normally at this stage, there is an obvious
expression of pitx2c in the left lateral plate mesoderm.
Embryos that had been treated with the Pc-AS oligonucle-
otide all showed a similar qualitative reduction in levels of
pitx2c mRNA (data not shown), suggesting that the range of
phenotypes that we observed are the result of relatively
equal, but partial depletion of the pitx2c transcript.
How do the nucleic acid manipulations described here
differ from other loss-of-function assays that have examined
pitx2 function? In comparison with many of the studies of
the mouse null, we have targeted only a single isoform
(pitx2c) and, as noted above, we have not completely elim-
inated any isoform. We observed that much of embryogen-
esis proceeded normally, producing apparently healthy tad-
poles, even in the face of attenuated levels of pitx2c. In our
studies, the most efficient reduction of the pitx2c mRNA is
probably during the earlier stages of embryogenesis, since
some enzymatic degradation of even modified antisense
oligonucleotides occurs over time (Dagle et al., 1991).
Thus, the effects that persist are almost certainly due to
transcript reduction occurring well before we could possibly
score a phenotype. We would suggest that this might also be
the case for some of the phenotypes reported in the mouse.
That is, very early developmental information provided by
specific pitx2 isoforms was not available and abnormal
patterning subsequently occurred.
An alternative loss-of-function study in Xenopus em-
bryos used a chimeric pitx2-Engrailed dominant negative
construct (Faucourt et al., 2001). The authors reported a
severe disruption of dorsoanterior development resulting
from a block in the specification of both mesoderm and
endoderm. This phenotype was not seen in our isoform-
specific reduction assay, and was not seen in the null mice.
Although it is possible that a maternal pitx2 isoform may
indeed be critical to the normal progression through early
embryogenesis in frog, and that this essential transcript is
present in the mouse oocytes derived from a heterozygous
dam, it is also possible that the dominant negative pitx2
construct is altering the expression of genes that are not
normally regulated by pitX2. In any event, our data suggest
that specific reduction of the pitx2c isoform does not lead to
global developmental problems.
The study presented here calls attention to what might be
described as an intermediate laterality phenotype. There are
a number of examples of experiments in Xenopus and
chicken where interference with the location of molecules
known to be part of the laterality pathway, including TGF-
-related molecules and even pitx2 itself lead to reversal of
the left–right axis. As demonstrated in Table 1, injection of
either the antisense or control oligonucleotide results in a
modest increase in cardiac reversals, indicating the sensi-
tivity of these manipulated embryos to altered lateralization.
Thus, instead of cardiac reversals, embryos with decrease
levels of pitx2c develop with hearts that have straightened
outflow tracts, atrial septa that originate at multiple points
around the atrial field, abnormalities of the atrioventricular
canal, and rotational defects of the entire heart. It is worth
noting that pitx2c overexpression also results in misalign-
ment of the atria, ventricle, and outflow tract (Campione et
al., 1999; Essner et al., 2000). As was described in the pitx2
null mice, the reduction of pitx2c in Xenopus embryos does
not prevent or reverse all the morphologic movements char-
acteristic of heart development. For instance, the region of
the heart that will ultimately become the ventricle starts off
in a cranial position, and the atrial precursor region is
posterior. As the heart tube closes, looping repositions these
areas such that the ventricle will end up ventral and poste-
rior to the atria. This basic patterning begins in embryos
where pitx2 is reduced; however, even though anterior–
posterior repositioning occurs, the early indicators of loop-
ing, the final positioning of the outflow track, valves, and
septa in Xenopus is often disrupted. This finding is consis-
tent with one pathway that regulates the early morphologi-
cal movements, and a second pitx2c-dependent pathway
that establishes positional left–right information. For exam-
ple, the placement of the atrial septum should generate two
atria, and normally is positioned such that the left atrium in
the frog is smaller than the right atrium. The reduction in
pitx2c results in an inability to select the point in the atrial
field where the septum should be established. Notably, it
does not eliminate the septum, but results in the inappro-
priate establishment of septum-like projections from multi-
ple points.
Interest in understanding the molecular mechanisms re-
sponsible for the developmental control of laterality, and
whether pitx2 has a role in this complex process has en-
couraged a variety of approaches to study this problem.
Forcing the ectopic, right-sided expression of pitx2 in chick
and frog embryos can randomize the normally dextral car-
diac looping, suggesting that tissue from both the right and
left side of the heart can complete the normal events of
looping if induced to do so by pitx2c. Although studies in
pitx2 null mice suggest that the early processes responsible
for directing cardiac laterality can proceed without pitx2
being present, antisense studies in chick embryos support a
direct role for pitx2c in dextral cardiac looping. Despite this
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growing body of literature attributing developmental func-
tions to pitx2c, the precise role of this transcription factor in
the patterning of the vertebrate heart remains controversial.
The studies presented here evaluate the hypomorphic state
in Xenopus embryos. Embryos with reduced levels of pitx2c
showed reversed intestinal coiling, but cannot be interpreted
as causing reversed cardiac looping. However, embryos
depleted of pitx2c do not develop normal hearts. Decreasing
pitx2c mRNA levels by 60% results in significant abnor-
malities of the amphibian heart including failure of the
outflow tract to bend normally and failure of the atrial
septum and atrioventricular canal to form properly. These
findings are consistent with those seen in the pitx2c null and
hypomorphic mouse models and provide further evidence
for a later role for pitx2c in the establishment of asymmet-
rical structures in the heart.
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